This is an Open Access article licensed under the terms of the Creative Commons AttributionNonCommercial 3.0 Unported license (CC BY-NC) (www.karger.com/OA-license), applicable to the online version of the article only. Distribution permitted for non-commercial purposes only. 
Anti-CCL21 Antibody Attenuates Infarct Size and Improves Cardiac Remodeling After Myocardial Infarction

Introduction
Acute myocardial infarction (AMI) is usually complicated by pathological cardiac remodeling potentially underlying ventricular arrhythmias and heart failure, and ultimately increasing cardiovascular mortality [1, 2] . In the infarcted myocardium, sudden necrosis of a large number of cardiomyocytes results in release of their intracellular contents which triggers an intense inflammatory reaction, characterized by the release of cytokines and chemokines and recruitment of neutrophils and mononuclear cells, leading to ventricular dilatation and adverse remodeling [3] . Therefore, chemokine-induced leucocyte recruitment during myocardial repair might be an attractive therapeutic target to improve cardiac function following AMI [4] [5] [6] .
The homeostatic chemokine CCL21 is, via its receptor CCR7, a potent regulator of T-cell migration into non-lymphoid tissue [7, 8] . CCR7 and CCL21 are widely expressed in nonlymphoid cells such as fibroblasts, vascular smooth muscle cells (SMCs), and endothelial cells, and may also regulate vascular inflammation, SMCs proliferation, and matrix remodeling [9, 10] . CCR7 is involved in directing the migration, positioning, and interaction between dendritic cells (DCs) and naive T cells in secondary lymphoid organs to activate the adaptive immune response [11] . Chemokine CCL21 could stimulate migration of DCs in Akt2-dependent manner by regulating Ca 2+ signal [12] . Both CCL21/CCR7 levels significantly increased in skin tissue after whole body irradiation, which might contribute to enhanced DCs migration [13] . Moreover, CCL21 plays vital role in lymphocyte trafficking and the pathogenesis of various inflammatory disorders [14] [15] [16] . For instance, a recent study found markedly raised serum levels of CCL21 in patients with chronic heart failure (HF) [17] . In addition, Finsen et al. found CCL21/CCR7 interactions might be involved in the response to pressure overload secondary to symptomatic aortic stenosis and modulates left ventricular remodeling [18] .
Because unrestrained inflammation in the infarcted myocardium induces matrix degradation and cardiomyocyte apoptosis, timely and effective suppression of the postinfarction inflammatory reaction is of great importance to protect the myocardium from dilative remodeling and progressive cardiac dysfunction [19] . This study therefore investigated whether treatment with a neutralizing monoclonal antibody (mAb) to mouse CCL21 would be of therapeutic value in a mouse model of AMI, potentially providing a new means to prevent post-infarction heart failure and further insight into its molecular pathogenesis.
Materials and Methods
Animal care
Animals used in this study were maintained in accordance with the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH publication no.85-23, revised 1996). The study protocol was approved by the Institutional Animal Care and Use Committee of Tongji Medical College.
Mice and Antibodies
Male C57BL/6 mice (8-12 weeks of age with 23-25 g body weight) were obtained from the Experimental Animal Center of Tongji Medical College, Huazhong University of Science and Technology, China. Goat antimouse CCL21 affinity purified polyclonal antibody (Ab) AF457 and goat IgG isotype control were purchased from R&D Systems Inc. (Minneapolis, MN, USA) and administered at a dose of 1 mg/mouse.
Induction of AMI
A large non-reperfused infarction was induced by permanent coronary artery ligation as described [20, 21] . Briefly, after being anaesthetized with urethane (1.0 -1.2 g/kg), male C57BL/6 mice were intubated, placed in the right lateral decubitus position, subjected to left thoracotomy, pericardiectomy and ligation of the left anterior descending coronary artery, and after closure of the thorax placed in the prone position until spontaneous breathing occurred. Either goat anti-mouse CCL21 mAb (1.0 mg/mouse) or isotype-IgG control (1.0 mg/mouse) was administered intravenously to neutralize serum and cardiac CCL21 bioactivity in vivo at prespecified time points post myocardium infarction. Sham-operated mice were subjected to the same surgical protocol except for arterial occlusion (Fig. 1A) .
Assessment of area at risk (AAR) and infarct size (IS)
Myocardial infarct size was determined by Evans blue-TTC double staining methods as previously described [20] . Briefly, Evan's blue dye (2%; Sigma) was intravenously injected to delineate the in vivo AAR, and the heart was rapidly excised and rinsed in 0.9% NaCl. Hearts from both assays were frozen and sliced into 2-mm transverse sections from apex to base (5 slices/heart). The sections were incubated at 37°C with 1% triphenyltetrazolium chloride (TTC) in phosphate buffer (pH 7.4) for 15 min; fixed in 10% formaldehyde solution; and photographed with a digital camera (Nikon Coolpix) to distinguish continuously perfused tissue (blue), stained ischemic viable tissue (red) and unstained necrotic tissue (white). After their determination, AAR and left ventricular infarct size (IS) were respectively expressed as percentage of ventricle surface (AAR/V) and AAR (I/AAR) using Meta Morph software (RPI, Co., Inc., Natick, MA, USA).
Determination of serum levels of cardiac troponin I (cTnI), lactic hydrogenase (LDH) and chemo attractants
Circulating cTnI levels at 1 day post AMI were measured using a high sensitivity ELISA kit (Life Diagnostics Inc.). To determine the extent of myocardial injury, the release of LDH in serum of mice at 1 day after AMI was measured using commercially available kits and spectrophotometer; values were expressed in international units (IU) per liter. Serum levels of CXCL1, CXCL2, macrophage inflammatory protein-1 alpha (MIP)-1α, stromal-derived factor (SDF)-1, monocyte chemotactic protein (MCP)-1 and CCL5 at 1, 3, 7 days after AMI were measured by colorimetric enzyme-linked immunosorbent assay (R&D Systems, Minneapolis, Minnesota, USA).
Western blot analysis
Homogenized mice myocardium was lysed in 200 μL RIPA lysis buffer (Beyotime, P0013B) with 1% phenylmethyl sulfonylfluoride and 4% complete protease inhibitor cocktail mix (Roche, Mannheim, Germany). Extracts were centrifuged at 14,000 g for 15 min at 4°C. Eighty micrograms of total protein were used for sodium dodecyl sulphate-polyacrylamide gel electrophoresis, followed by transfer to nitrocellulose membrane (Millipore Corp., Billerica, MA, USA). Membranes were then blocked with 5% non-fat dried milk in PBS for 1 h with gentle shaking. Membranes were incubated first with CCR7, CCL21, MMP-2 and MMP-9 (Santa Cruz Biotechnology) overnight at 4°C, then placed in 1% BSA in PBS overnight at 4°C with shaking, and washed and incubated with secondary antibodies for 2 h at room temperature. Finally, the samples were visualized by enhanced chemiluminescence [22] .After scanning, band density was analyzed using Image J 1.33 software (National Institutes of Health, Bethesda, MD, USA).
Sirius Red staining for collagen content
Mouse heart sections were rinsed with water and incubated with 0.1% Sirius red (Sigma) in saturated picric acid for 90 min, rinsed twice with 0.01N HCl for 1 min and then immersed in water. After dehydration with ethanol for 30 seconds and cover-slipping, the sections were photographed with identical exposure settings under ordinary polychromatic or polarized light microscopy. Total collagen content was evaluated under polychromatic light (Sirius red). Quantifications were performed using the MetaMorph software, and expressed as percentage of stained area per total lesion area.
Echocardiography
All mice underwent transthoracic echocardiography at 7 and 21 days after surgery (prior to killing) using an echocardiography system with a Sono 4500 and a 15-16 MHz transducer (PHILIPS Corporation). Left ventricular dimensions (end-diastolic diameter, LVEDD; and end-systolic diameter, LVESD) were measured perpendicular to the long axis of the ventricle at the mid-chest level. Left ventricular fractional shortening (LVFS) (%) and left ventricular ejection fraction (LVEF) (%) were calculated automatically by the echocardiography equipment.
Statistical analysis
Data are presented as mean ± standard error and were compared using the Student's t test (SPSS 16.0 software). A P-value <0.05 was considered statistically significant. 
Results
Increased circulating levels of CCL21 and cardiac levels of CCR7 after AMI As compared to those in sham-operated mice, serum levels of CCL21 and cardiac levels of CCL21 and CCR7 were increased 1-7 days after AMI induction in antibody untreated mice (Fig. 1B and 1C-E, respectively) , suggesting that AMI might be associated with activated CCL21/CCR7.
Blocking CCL21 reduced infarct size at 1 and 7 days after AMI As shown in Fig. 2 , area at risk (AAR) relative to ventricle area (V) were similar among different groups, while blocking CCL21 induced significant reduction in infarct size (I/AAR) at 1 and 7 days post AMI. 1 day post AMI, mice treated with anti-CCL21 mAb exhibited reduced serum levels of cTnI and LDH relative to mice treated with isotype control (Fig. 2,  panels A-B, C-D , and E-F, respectively).
Blocking CCL21 reduced neutrophil and macrophage recruitment in infarcted hearts after AMI
Myocardial infarction is characterized by infiltration of inflammatory cells into injured myocardium. Neutrophil and macrophage infiltration therefore was analyzed at different 
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Cellular Physiology and Biochemistry time points (1, 3 and 7 days) to assess whether neutralization of CCL21 modified leucocyte recruitment post AMI. Neutrophil infiltration was significantly increased in isotype-treated mice at 1-7 days after AMI as compared with those in sham-operated mice (Fig. 3A) . Compared to isotype controls, anti-CCL21 mAb treatment significantly reduced neutrophil infiltration at 1, 3 and 7 days post AMI and macrophage (CD68+ cell) recruitment at 3 days post AMI (Fig. 3A and 3B , respectively).
Blocking CCL21 reduced serum levels of neutrophil and monocyte chemoattractants after AMI CXC chemokines play an important role in regulating neutrophil chemotaxis and activation in ischemic tissues [23] . Previous studies suggested that CCL21 could induce neutrophil and monocyte chemotaxis [24, 25] . To investigate whether CCL21 neutralization might influence neutrophil and macrophage recruitment into infarcted hearts, we analyzed the possible reduction of serum levels of other chemo attractants (i.e. CXCL1, CXCL2, SDF-1, MIP-1α, MCP-1 and CCL5) [26, 27] . Serum levels of CXCL1, CXCL2, MCP-1 and CCL5 were significantly increased in isotype-treated mice at 1 and 3 days after AMI as compared to those in sham-operated mice (Fig. 4A, B, E, F) . As compared to isotype-treated mice, anti- 
Blocking CCL21 limited the cardiac enlargement and dysfunction after AMI Overactive matrix-degrading processes induced by local activation of MMPs by proinflammatory mediators, such as MCP-1, are generally associated with decreased tensile strength, leading to left ventricular dilatation and systolic dysfunction. Herein, cardiac remodeling was measured non-invasively using echocardiography. As shown in Fig. 6 , administration of the antibody directed against CCL21 after AMI significantly limited cardiac enlargement and dysfunction at 7 and 21 days. At 21 days, the anti-CCL21 treatment effectively prevented LV enlargement in comparison to isotype IgG (Fig. 6A and B) . The LVEF and LVFS were also significantly greater in the anti-CCL21 treated animals as compared to control group (Fig. 6C and D) .
Discussion
The inflammatory reaction plays an important role in the pathogenesis, progression and prognosis of cardiovascular diseases [28] . Recruitment of inflammatory cells in the ischemic myocardium is mediated by the family of CC-chemokines and their receptors. To this end, up-regulation of circulatory and cardiac chemokines has been considered as a vital mechanism in leukocyte recruitment, early vascular inflammation, and atherogenesis. For instance, selective inhibition of CC chemokines CCL5 with Evasin-4 effectively reduced cardiac injury/inflammation and improved survival [29] . In the present study, we observed significant increase of both CCL21 and CCR7 after AMI as compared with sham-operated mice. In particular, systemic levels of CCL21 peaked in the early period of AMI (1 day). This is in agreement with a previous study showing increased expression of the CCR7 ligand CCL21 both systemically and within the failing myocardium in human heart failure [17] . Damas et al. also found increased levels of CCL19 and CCL21 in coronary artery disease, providing further evidence for the role of CCL21 in inflammation and immune cell recruitment in cardiovascular diseases [10] .
A growing body of evidence suggests that prolongation or expansion of the postinfarction inflammatory response results in worse remodeling and dysfunction following AMI [30] [31] [32] . Therefore, timely termination of chemokine signals might be mediated through the concerted action of multiple suppressive pathways that prevent extension of injury and protect from adverse remodeling [28, 33] . In early phase post AMI, neutrophils were considered as first cells recruited to the infarction area within hours, which release proteolytic enzymes and reactive oxygen species, and directly injure surrounding cells [19] . Accumulated evidence suggested that circulating neutrophil number was a prognostic factor for future cardiovascular events [34, 35] . In turn, neutrophils depletion in animals undergoing MI effectively decreased infarct size and prevented ventricular remodeling. A study using gene-deficient mice revealed that CCR1, a receptor for a receptor for CCL3/MIP-1 and CCL5, exert positive role in improving cardiac function and preserve cardiac remodeling after MI by attenuating the neutrophil-induced myocardial injury and promote tissue healing [36] .
Chemotaxis and activation of neutrophils in infarction tissues were regulated by a series of chemokines [37] . In this study, we found that serum levels of neutrophil chemo attractants (MIP-1α, SDF-1, CXCL1 and CXCL2) significantly increased at 1 day post AMI accompanied with increased neutrophil numbers in myocardium. Those neutrophil chemo attractants are reported to have important roles in AMI. CCL3/MIP-1α level was reported to be elevated during acute coronary syndromes and show strong prognostic power for future ischemic events and served as a mediator in the ischemic process itself [38] . SDF-1 expression was also reported to be elevated within 24 hours after AMI and served as key factors in mobilization of endogenous bone marrow cells towards infarcted myocardium [39] . We also found that blocking CCL21 effectively attenuated increased serum levels of neutrophil chemo attractants (CXCL1, CXCL2 and MIP-1α) and neutrophil infiltration in myocardium at 1 day post AMI. In addition, the anti-CCL21 mAb treatment effectively reduced infarction size and attenuated AMI induced increase in serum levels of cTnI and LDH. On the basis of these observations, CCL21 might play a vital role in mediating the recruitment of neutrophils to the infarcted myocardium in the early phase post-AMI by coordinating with other classical chemo attractants. In line with our study, Montecucco et al. [40] found that blocking CCL5 reduced infarct size in chronic ischemia, and that the cardio protective effects of CCL5 neutralization during early phases of chronic ischemia were associated with the disruption of the CCL2/CCR2 axis, or with CCR1 deficiency. In addition, a recent study found that CCL19, CCL21 and CCR7 were involved in promoting monocyte adhesion and migration [41] . Further studies are needed to examine whether similar mechanisms could be seen in the post-AMI inflammatory response.
Despite reperfusion strategies, patients with large AMI who survive the initial ischemic event are at higher risk of ventricular remodeling [42] . The healing process in post-AMI ventricular remodeling can be divided into 3 partially overlapping phases, namely inflammatory, proliferative, and maturation [15] . Healing of myocardial infarction is dependent on a chemokine-driven inflammatory response that ultimately results in replacement of necrotic cardiomyocytes with a collagen-based scar. The transition from the inflammatory to reparative phase is associated with the activation of pathways that turns off inflammation and promotes extracellular matrix (ECM) scar formation [43] . MMPs are important proteolytic enzymes that lead to degradation of the extracellular matrix and to changes in cardiomyocytes in both infarcted and non-infarcted myocardium [44] . Moreover, Matrix metalloproteinases (MMPs) have recently emerged as modulators of cardiovascular inflammation [45, 46] . In addition to ECM, MMP substrates also include a multitude of cytokines, chemokines, growth factors, and adhesion molecules [47] . For instance, MMP-9 could activate a series of ELR-positive CXC chemokines, including CXCL5, CXCL6, and CXCL8 [48] .
A magnitude of evidence from clinical studies strongly suggests that increased MMPs correlate with adverse pathophysiology and clinical outcomes post AMI [49, 50] . Targeted MMP-9 deletion in mice was proved to improve left ventricular function by stimulating neovascularization in remodeling myocardium post-MI [51] and attenuate left ventricular remodeling and myocardial contractile dysfunction in heart failure [52] . Li et al. found that NOD2 deficiency protects against cardiac dysfunction and remodeling after MI by reducing the levels of cytokines, macrophage infiltration and matrix MMP-9 activity [53] . In our study, anti-CCL21 mAb treatment also attenuated AMI induced increase in MMP-9 and collagen deposition 7 days post AMI. MMP-9 is secreted by neutrophils early post-MI (1-2 day), and by macrophages, lymphocytes, and fibroblasts at later phases post-MI [54] . In line with this, blockade of CCL21 also significantly attenuated increased levels of macrophage (CD68 + cell) at 3 days post AMI. Based on these data, we speculate that the greater preservation in left ventricular dimensions and improved function post-AMI might benefit from the inhibited inflammation response mediated by MMP-9 in later period post-AMI. In addition, CCL21 has been implicated in beneficial remodeling processes within the kidney by enhancing the degree and firmness of cell adhesion and increases in cell spreading and the formation of cellcell contacts [55] . These effects might actively contribute to the anti-CCL21 mAb-mediated improvement on cardiac function in the present study.
The present study has some limitations such as the lack of confirmation of findings in patients. Nonetheless, our results suggest that anti-CCL21 mAb treatment reduces infarct size, leukocyte infiltration and collagen deposition post myocardial infarction, which limits cardiac enlargement and dysfunction. Anti-inflammatory/anti-CCL21 strategies targeting ventricular remodeling following AMI therefore appear clinically relevant.
